Summary We have studied the growth inhibition, DNA synthesis inhibition and cell incorporation of the new anthracycline 4'-iodo-4'-deoxydoxorubicin (4'-iododoxorubicin) and of its 13-dihydroderivative in a model of doxorubicin-sensitive and -resistant rat C6 glioblastoma cells; results were compared to those obtained with doxorubicin and doxorubicinol in the same model. 4'-Iododoxorubicin was 7.5 times more potent than doxorubicin on the wild cell line and 45 times on the doxorubicin-resistant line, indicating that cross-resistance was only partial between the two drugs. Whereas doxorubicinol presented only a very faint cytotoxic activity, 4'-iododoxorubicinol retained the same activity as the parent drug against sensitive cells and a lower activity against resistant cells. DNA synthesis inhibition occurred for much higher doses than growth inhibition in the sensitive cells, but for similar doses in resistant cells. In both cell lines, 4'-iododoxorubicin and its metabolite were incorporated to a higher extent than doxorubicin and doxorubicinol respectively. Incorporation of metabolites was always lower than that of their parent compound. We have studied the metabolism of doxorubicin and 4'-iododoxorubicin by sensitive and resistant cells; only traces (< 5%) of metabolites were identified in the cells as well as in the culture medium. A new cell line was selected for resistance in the presence of low amounts of 4'-iododoxorubicin. It presented a 6-fold resistance to 4'-iododoxorubicin and an 85-fold resistance to doxorubicin. Doxorubicin incorporation was markedly reduced in this cell line while 4'-iododoxorubicin was incorporated to the same extent as in the sensitive line. Measurements of drug efflux were performed in the three cell lines. No significant difference was exhibited between the efflux of doxorubicin and that of 4'-iododoxorubicin in each cell line; these effluxes were very rapid in the doxorubicin-selected resistant line, slow in the wild line and intermediate in the 4'-iododoxorubicin-selected line.
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4'-Iodo-4'-deoxydoxorubicin (4'-iododoxorubicin) is a new anthracycline derivative originating from a chemical modification of doxorubicin obtained by Barbieri et al. (1987) . Modifications at position 4 of the amino-sugar have already led to the clinically useful analogue epirubicin (Ganzina, 1983) and seem of importance for the development of new analogues. Barbieri et al. (1987) recently reported on the chemical and biological properties of 4'-iododoxorubicin in several cell lines. In a pharmacokinetic study in mice (Formelli et al., 1987) , it was shown that it underwent extensive metabolism to a 13-dihydro-derivative (4'-iodo-4'-deoxydoxorubicinol), and this has been recently confirmed in humans during two phase I studies (Gianni et al., 1989; Robert et al., 1989) . The possible importance of this new drug in cancer chemotherapy prompted us to investigate the behaviour of this drug and its metabolite in our model of doxorubicin-sensitive and -resistant rat glioblastoma cells. Moreover, in order to compare the mechanisms involved in anthracycline resistance, we have developed with the same cell strain a variant line resistant to 4'-iodo-4'-deoxydoxorubicin. We present here results concerning growth inhibition, DNA synthesis inhibition, drug incorporation of 4'-iododoxorubicin and its 13-dihydroderivative as compared to doxorubicin and doxorubicinol, in our models of wild and drug-resistant rat glioblastoma cells. We have also studied the amplification and expression of the mdr gene in the three cell lines. In addition, the metabolism of doxorubicin and 4'-iododoxorubicin was studied in our cell variants, as well as the efflux of doxorubicin and 4'-iododoxorubicin.
Material and methods
Drug 4'-Iodo-4'-deoxydoxorubicin and its 13-dihydroderivative, as well as doxorubicinol, were provided by Farmitalia-Carlo Erba; doxorubicin and vincristine were provided by Laboratoire Roger-Bellon. The drugs were dissolved in sterile pure water at concentrations of I -10 mg ml-' and stored at -20°C.
Cell culture
The C6 rat glioblastoma line and its doxorubicin-resistant counterpart (Vrignaud et al., 1986a) were routinely cultivated in Petri dishes (Nunc) with Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum (Seromed), at 37'C in a humidified atmosphere containing 5% CO2. The cultures were replicated each week and the medium was changed each two or three days, depending on the cell density. Doxorubicin-resistant cells had been selected by exposure to stepwise increasing amounts of doxorubicin and grew permanently in the presence of 0.5 tg ml1' of doxorubicin in the culture medium (C6 0.5 E).
A subline of C6 cells resistant to 4'-iodo-4'-deoxydoxorubicin was obtained from the wild strain by the same method as that used for doxorubicin resistance. However, it was necessary to begin with minute amounts of drug for initiating the resistance and to increase very slowly the amount of drug present in the culture medium. It had been possible to obtain the doxorubicin-resistant line with steps of 10 passages each at the successive concentrations of 0.03, 0.1, 0.3 and 0.5 or 1.0 ig of doxorubicin per ml medium (Vrignaud et al., 1986b) . It was necessary with 4'-iododoxorubicin to begin with 0.005 lg ml-'; one increment to 0.01 jg ml was possible after 20 passages, but no further increase of the selection dose was possible thereafter. This line is called thereafter C6 IDX-R.
Evaluation of growth inhibition Appropriate numbers of cells were seeded in 10 or 20 cm2 Petri dishes with 3 or 5 ml medium, so that 3 days later the number of cells reached approximately 5 x 105 cells per dish. The medium was than substituted by a new medium containing various concentrations of drug (0.0032-1I00 g ml1') and incubation was performed for 2 h at 37'C. For vincristine cytotoxicity, this incubation was performed for the duration of a complete cell cycle. After drug exposure, cell monolayers were washed twice with sterile 0.15 M NaCl, replaced by normal medium and further incubated for a time corresponding to two cell cycles (48-96 h according to the cell line). For estimation of cell numbers, monolayers were washed twice with 0.15 M NaCl and suspended in culture medium with the help of a trypsin solution. Cells were counted in an automatic hemocytometer (Royco-Cell Crit 920A). All measure-ments were performed in triplicate and three independent experiments were performed. Growth inhibition was expressed at GICm, i.e. the concentration of drug causing 50% reduction of cell numbers, as compared to controls incubated simultaneously in the absence of drug.
Evaluation of drug incorporation, drug efflux and DNA synthesis inhibition Appropriate numbers of cells were seeded in 10 or 20cm2 Petri dishes with 3 or 5 ml medium, so that 4 days later the number of cells reached approximately 2 x 106 per dish. The medium was then substituted by new medium containing various concentrations of drugs (0.032-100 tg ml-') and the dishes were incubated at 37°C for 2 h. One hour before the end of drug exposure, I tLCi of 3H-methyl-thymidine per dish was added. Then, the cell monolayers were washed twice with 0.15 M NaCl, harvested after gentle stirring and pelleted at 3,000 r.p.m. for 5 min. These steps were rapidly performed in order to avoid any drug efflux; 0.5 ml bidistilled water and 0.5 ml 40% trichloroacetic acid were successively added and the samples were kept at 4°C overnight, then centrifuged during 30 min at 3,000 r.p.m. The acid-soluble part was used to evaluate intracellular concentration by fluorometry (Jobin Yvon NE 1 spectrofluorometer) with excitation and emission wavelengths set at the maximum fluorescence of drug in the trichloroacetic solution (around 470 nm for excitation and 550 nm for emission). It was not possible by this technique to make a distinction between free drug and tightly bound or loosely bound drug. The acid-insoluble pellet was solubilised with 1 M NaOH and used to evaluate both protein content (Lowry et al., 1951) and 3H radioactivity in a Beckman LS 1207 liquid scintillation spectrometer. All incubations were performed in triplicate and three independent experiments were performed. In all cases, the incorporation of 3H-methyl-thymidine was referred to controls realised in the same conditions and incubated without drug; it was thus possible to define a DNA synthesis inhibition as TIC50, i.e. the concentration of drug providing a 50% decrease of 3H-thymidine incorporation.
Drug efflux was evaluated in the same conditions for both drugs in each cell line. Culture medium was substituted by new medium containing an appropriate quantity of drug in order to obtain an intracellular concentration of about 1 gsg mg-' protein after 2 h of exposure at 37°C in the CO2 incubator. The cells were then rapidly washed with fresh medium, and reincubated in the same conditions for 5, 10, 20, 30 min, 1, 2 and 4 h. Drug incorporation was then measured as described.
Metabolism of doxorubicin and 4'-iododoxorubicin
The metabolism of both drugs was evaluated after 2 h of contact of the cells with 1 or 10 ytg ml-' of drug. After incubation, the cells were recovered, pelleted and anthracyclines were extracted by the technique of Baurain et al. (1979) . Briefly, cell homogenates were brought to alkaline pH by addition of 1 vol. of pH 9.8 borate buffer, and immediately extracted with 18 vol. of chloroforme/methanol 4/1 (vol./vol.). The mixture was shaken and centrifuged; the lower organic layer was evaporated to dryness under a stream of nitrogen and dissolved in a small amount of the mobile phase of the liquid chromatograph. High performance liquid chromatography was performed with a model 6000 A Waters pump and a Waters U6K injector. The stationary phase was microbondapak-phenyl (10 lm) (Waters) packed in 30 x 0.4 cm metal columns. The mobile phase was a mixture of acetonitrile and 0.1 % ammonium formate buffer (34/66, vol./vol.), nearly as described by Israel et al. (1978) .
Detection was achieved thanks to a Perkin-Elmer model LS1 spectrofluorometer. Cell culture media could be injected directly on the column.
Identification and expression of P-glycoprotein gene The probe used in this work was a generous gift from P. Borst and A. van der Bliek (National Cancer Institute, Amsterdam). The probe Cp 28 was prepared from a cDNA library established from the multidrug-resistant chinese hamster ovary cell line CHRC5, inserted in the Pst I site of the pUC9 vector (Van der Bliek et al., 1986) . We have introduced the plasmid in a competent E. coli C600 strain according to Hanahan (1983 (Thomas, 1980) . Membrane treatment, hybridisation, washes and autoradiography were performed as described for DNA.
Only those samples which gave the highest hybridisation spots were chosen for quantification by densitometry.
Results P-glycoprotein gene expression in the cell lines Southern blots revealed a faint amplification of the Pglycoprotein gene (2-3 times) in the C6 line selected in doxorubicin (C6 0.5 E), whereas the line selected in 4'-iododoxorubicin presented no amplification at all of the gene. Northern blots revealed in both lines an overexpression of the P-glycoprotein gene; it could be evaluated semi-quantitatively as 10-fold the level of the wild line in doxorubicinresistant cells (C6 0.5 E) and as 5-fold in 4'-iododoxorubicinresistant (C6 IDX-R).
Growth inhibition 4'-Iododoxorubicin provided a higher growth inhibition of the C6 wild strain than doxorubicin did (Table I ). The new halogeno compound was about 7.5 times more potent than the original anthracycline. When studied in the C6 doxorubicin-resistant line, the higher potency of 4'-iododoxorubicin was even more pronounced (45 times) showing that cross-resistance between the two drugs was only partial; the doxorubicin-resistant cells were 400 times resistant to doxorubicin and 70 times to 4'-iododoxorubicin. Interestingly, the new variant selected for resistance to 4'-iododoxorubicin was only weakly resistant to this drug (6 x) and much more resistant to doxorubicin (85 x). Studies of growth inhibition by vincristine revealed that both anthracycline-resistant lines (selected either with doxorubicin or with 4'-iododoxorubicin) were also resistant to vincristine, indicating a multidrugresistant phenotype of both lines. Growth inhibition induced by the 13-dihydrometabolites of doxorubicin and 4'-iododoxorubicin revealed that doxorubicinol was a very weak anti-proliferative agent against both wild and doxorubicin-resistant C6 cells. In contrast, 4'-iododoxorubicinol had retained the activity of 4'-iododoxorubicin against sensitive cells and a partial activity against doxorubicin-resistant cells; this metabolite was 200 times more potent than doxorubicinol against sensitive cells and at least 100 times against resistant cells.
DNA synthesis inhibition
When considering this parameter as a measure of drug action (Table II) , 4'-iododoxorubicin appeared as potent as doxorubicin against sensitive C6 cells, while it was 20 times more potent than doxorubicin against C6 0.5 E and C6 IDX-R cells. In C6 sensitive cells, the dose of drug providing a 50% inhibition of DNA synthesis was 15-80 times higher than the dose providing a 50% inhibition of growth. In contrast, the dose required in C6 0.5 E or C6 IDX-R resistant cells to obtain 50% inhibition DNA synthesis was only 1-8 times higher than the dose providing 50% inhibition of growth (comparison of Tables I and II). DNA synthesis inhibition induced by the 13-dihydroderivatives of doxorubicin and 4'-iododoxorubicin was also studied. Whereas doxorubicinol was almost inactive on DNA synthesis, 4'-iododoxorubicinol had retained an appreciable activity, although lower than that of 4'-iododoxorubicin. The doses of metabolite required for a 50% inhibition of DNA synthesis were 50-80 times higher than those required for a 50% inhibition of growth in sensitive cells, whereas these doses were much closer in resistant cells, as they were for the parent compounds. Figure I presents the incorporation of both anthracyclines in our cellular models as a function of drug concentration. Incorporation was linear over a wide range of extracellular concentrations; it appears that 4'-iododoxorubicin underwent a much higher uptake than doxorubicin in both sensitive and resistant cells and the difference increased at high exposure doses. As a general feature, resistant cells, selected either with doxorubicin or with 4'-iododoxorubicin, incorporated 5-10 times less doxorubicin than sensitive cells; however, they incorporated 4'-iododoxorubicin only 2 times less than sensitive cells did. The kinetics of drug incorporation in C6 and C6 0.5 E cells is presented on Figure 2 for an exposure dose of 1 1sg ml '. Incorporation of 4'-iododoxorubicin was more rapid than that of doxorubicin, and it is worth noting that 50% of the plateau level of drug incorporation in C6 sensitive cells was reached in about 20 min for 4'-iododoxorubicin and 1.5 h for doxorubicin.
Drug incorporation
The incorporation of the 1 3-dihydroderivative of both drugs was studied as a function of dose in the C6 and C6 0.5 E lines (Figure 3 ). This incorporation was linear over a wide range of concentrations. It appears that the incorporation of and they were not present in the culture medium after incubation; no traces of doxorubicinol could be detected on the chromatograms of cell extracts or culture media. 4'-Iododoxorubicin also underwent a slight metabolic transformation in cultured cells. A contaminant of the drug preparation migrated just before 4'-iododoxorubicin in our system and was observed in both cell extracts and media. 4'-Iododoxorubicinol was identified in cellular extracts and in culture medium at the end of incubations; it represented never more than 5% of the parent compound. A more polar metabolite was detected in most samples at very low levels; it migrated like a standard of doxorubicin and never exceeded 2% of the parent compound. No other fluorescent metabolites could be detected by HPLC of cell extracts and culture media. cells (---) 4'-iododoxorubicin, especially in humans (Gianni et al., 1989; Robert et al., 1989 The link between drug incorporation and cytotoxicity was flycones or 7-deoxyaglycones never firmly established for anthracyclines; some authors find a good correlation between both parameters and other observe important discrepancies which are inconsistent with the hypothesis of a causal relationship between drug incorporation and growth inhibition (Tsuruo et al., 1986 ). It appears from our results that there is a reduction of drug incorporation in both resistant cell lines as usually observed (Dano, 1983) ; this reduction is much more important for doxorubicin than for 4'-iododoxorubicin, which could explain the low level of resistance to 4'-iododoxorubicin. Other mechanisms of resistance than those based upon accelerated drug efflux might explain the distortion between reduced drug incorporation and resistance. rubicin and 4'-iododoxorubicin, the level of incorporation of the drugs, the rapidity of efflux of the drugs, and the expression of mdrl gene. The lower degree of resistance of the C6 IDX-R line as compared to the C6 0.5 E line may be related to the fact that 4'-iododoxorubicin is a weak agent for selection of resistant lines because of its much higher activity than doxorubicin. It is worthwhile to emphasise that the multidrug-resistant cells obtained after exposure to infratoxic levels of 4'-iododoxorubicin remain relatively sensitive to the selecting agent, while exhibiting an important resistance to doxorubicin. This could be of importance in the future development of this drug.
